Estimating the abundance of marine mammal populations by Hammond, Philip S. et al.
fmars-08-735770 September 22, 2021 Time: 17:11 # 1
REVIEW








University of Barcelona, Spain
Chandra Paulina Salgado Kent,





This article was submitted to
Marine Megafauna,
a section of the journal
Frontiers in Marine Science
Received: 03 July 2021
Accepted: 23 August 2021
Published: 27 September 2021
Citation:
Hammond PS, Francis TB,
Heinemann D, Long KJ, Moore JE,
Punt AE, Reeves RR, Sepúlveda M,
Sigurðsson GM, Siple MC,
Víkingsson G, Wade PR, Williams R
and Zerbini AN (2021) Estimating
the Abundance of Marine Mammal
Populations.
Front. Mar. Sci. 8:735770.
doi: 10.3389/fmars.2021.735770
Estimating the Abundance of Marine
Mammal Populations
Philip S. Hammond1* , Tessa B. Francis2,3, Dennis Heinemann4, Kristy J. Long5,
Jeffrey E. Moore6, André E. Punt2, Randall R. Reeves7, Maritza Sepúlveda8,
Guðjón Már Sigurðsson9, Margaret C. Siple2, Gísli Víkingsson9, Paul R. Wade10,
Rob Williams11 and Alexandre N. Zerbini10,12,13
1 Sea Mammal Research Unit, Scottish Oceans Institute, University of St Andrews, St Andrews, United Kingdom, 2 School
of Aquatic and Fishery Sciences, University of Washington, Seattle, WA, United States, 3 Puget Sound Institute, University
of Washington Tacoma, Tacoma, WA, United States, 4 U.S. Marine Mammal Commission, Bethesda, MD, United States,
5 Office of Protected Resources, NOAA’s National Marine Fisheries Service, Silver Spring, MD, United States, 6 Protected
Resources Division, NOAA SWFSC, La Jolla, CA, United States, 7 Okapi Wildlife Associates, Hudson, QC, Canada,
8 Facultad de Ciencias, Universidad de Valparaíso, Valparaíso, Chile, 9 Pelagic Division, Marine and Freshwater Research
Institute, Hafnarfjörður, Iceland, 10 Marine Mammal Laboratory, NOAA AFSC, Seattle, WA, United States, 11 Oceans Initiative,
Seattle, WA, United States, 12 Cascadia Research Collective, Olympia, WA, United States, 13 Marine Ecology and Telemetry
Research, Seabeck, WA, United States
Motivated by the need to estimate the abundance of marine mammal populations
to inform conservation assessments, especially relating to fishery bycatch, this
paper provides background on abundance estimation and reviews the various
methods available for pinnipeds, cetaceans and sirenians. We first give an “entry-
level” introduction to abundance estimation, including fundamental concepts and the
importance of recognizing sources of bias and obtaining a measure of precision.
Each of the primary methods available to estimate abundance of marine mammals
is then described, including data collection and analysis, common challenges in
implementation, and the assumptions made, violation of which can lead to bias. The
main method for estimating pinniped abundance is extrapolation of counts of animals
(pups or all-ages) on land or ice to the whole population. Cetacean and sirenian
abundance is primarily estimated from transect surveys conducted from ships, small
boats or aircraft. If individuals of a species can be recognized from natural markings,
mark-recapture analysis of photo-identification data can be used to estimate the number
of animals using the study area. Throughout, we cite example studies that illustrate the
methods described. To estimate the abundance of a marine mammal population, key
issues include: defining the population to be estimated, considering candidate methods
based on strengths and weaknesses in relation to a range of logistical and practical
issues, being aware of the resources required to collect and analyze the data, and
understanding the assumptions made. We conclude with a discussion of some practical
issues, given the various challenges that arise during implementation.
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INTRODUCTION
Ecologists use information on abundance to improve
understanding of what determines how species are distributed
(Begon et al., 1996). In conservation biology, practitioners use
estimates of abundance to assess the conservation status of
species or populations (Cardinale et al., 2019). Assessments for
the IUCN Red List of Threatened Species1 depend on abundance
information in three of the five criteria used to rank risk levels (A:
reduction in population; C: small and declining population size;
and D: very small or range-restricted population). Population
size and trend estimation are also used to inform options and
mechanisms for managing human activities to reduce impacts.
One motivation for this paper is the widespread threat to
marine mammal populations due to incidental catch (bycatch) in
fishing gear (Read et al., 2006; Avila et al., 2018), and the need
for information on abundance to put bycatch mortality into a
population context. In Europe, a legal driver for this is the EU
Marine Strategy Framework Directive, under which biodiversity
indicator D1C1 requires that, to ensure long-term viability,
incidental bycatch mortality be kept below levels that threaten a
species (European Union, 2017). The implementing regulations2
of the United States Marine Mammal Protection Act (MMPA)
issued in 2016, require that imported fish and fish products be
evaluated with respect to United States standards for managing
marine mammal bycatch (as discussed in Williams et al., 2016a).
These implementing regulations (“Seafood Import Provisions”)
require countries with fisheries identified as “Export Fisheries”
to be comparable in effectiveness to the regulatory program
for United States commercial fisheries; this typically requires
conducting bycatch assessments of marine mammal populations
(Wade et al., In review, Frontiers in Marine Science3).
Two fundamental pieces of information needed to conduct
a bycatch assessment are an estimate of bycatch mortality and
an estimate of the abundance of the impacted population. Best-
practice methods for estimating bycatch mortality are described
in Moore et al. (In review, Frontiers in Marine Science4).
This paper describes methods for estimating the abundance of
populations of marine mammals.
An additional, more general, motivation for the present
work is that expertise in estimating marine mammal abundance
is patchy around the world. Although methods to estimate
abundance have been developed and applied to many marine
mammal species, there are still numerous populations globally
where necessary data and estimates of abundance are lacking.
We hope that the information in this paper will be of use to




3Wade, P. R., Long, K. J., Francis, T. B., Punt, A. E.,Hammond, P. S., Heinemann,
D., et al. (in review). Best practices for assessing and managing bycatch of marine
mammals. Front. Mar. Sci.
4Moore, J. E., Heinemann, D., Francis, T. B., Hammond, P. S., Long, K. J., Punt,
A. E., et al. (in review). Estimating bycatch mortality for marine mammal stock
assessment: concepts and best practices. Front. Mar. Sci.
knowledge of the methods available to estimate marine mammal
abundance may be limited.
Efforts to estimate the abundance of marine mammal
populations began in earnest in the 1960s. One of the first such
efforts for cetaceans involved systematic counts from coastal CA,
United States, of migrating gray whales (Eschrichtius robustus)
(see Laake et al., 2012). For pinnipeds, McLaren (1961) used
data from at-sea surveys to estimate the abundance of ringed
seals (Pusa hispida) and counts of gray seal (Halichoerus grypus)
pups were initiated in the early 1960s to estimate the population
around Britain (Russell et al., 2019). The use of data from seals
that were physically captured, tagged, and recaptured to estimate
abundance using mark-recapture methods began in the 1970s
(e.g., Siniff et al., 1977).
Methods for estimating abundance from whale sightings
were first considered by Doi (1974). In the 1970s, two notable
cetacean survey programs to estimate abundance began. First,
the United States government initiated surveys to estimate
the abundance of pantropical spotted (Stenella attenuata) and
spinner dolphins (S. longirostris) in the eastern tropical Pacific
(Smith, 1981). Second, surveys under the International Whaling
Commission’s International Decade of Cetacean Research were
initiated to estimate the abundance of Antarctic minke whales
(Balaenoptera bonaerensis) (see Branch and Butterworth, 2001).
The development of photo-identification of individual
whales and dolphins in the 1970s enabled the use of mark-
recapture methods to estimate the abundance of cetaceans
from their natural markings, including humpback (Megaptera
novaeangliae), southern right (Eubalaena australis), killer
(Orcinus orca), and sperm (Physeter macrocephalus) whales, and
bottlenose dolphins (Bigg, 1982; Whitehead, 1982; Whitehead
and Gordon, 1986; Whitehead et al., 1986; Scott et al., 1990).
Whales had previously been marked using Discovery tags
(Brown, 1978), but these data were neither intended nor used for
estimating abundance.
The 1980s saw the publication of a seminal textbook on
the estimation of animal abundance by Seber (1982), followed
by the continued development of mark-recapture and transect
methods tailored for estimation of marine mammal abundance
(see reviews in Hammond, 1986; Hiby and Hammond, 1989;
Hammond et al., 1990, and aerial survey methods for dugongs
[Dugong dugon] in Marsh and Sinclair, 1989).
Methodological development has expanded rapidly over the
last three decades and there is now an extensive literature
describing studies to estimate abundance for many marine
mammal species. There are also general texts that describe
methods that are commonly used, or that provide practical
guidance on implementation (e.g., Buckland et al., 2001, 2015;
Amstrup et al., 2005; Dawson et al., 2008; Hammond, 2010;
Williams et al., 2017; Buckland and York, 2018).
The aim of this paper is to provide easy access to the
way in which marine mammal abundance can be estimated,
highlighting the relevant literature (established and recent) so
that readers can pursue further details about the various methods
available for pinnipeds, cetaceans and sirenians. We start with
a general introduction to abundance estimation, including an
“entry-level” description of the fundamental concepts and the
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importance of recognizing sources of bias (systematic inaccuracy
in estimates) and obtaining a measure of precision (uncertainty
in estimates). Each of the primary methods available to estimate
abundance of marine mammals is then described. For each
method, information is summarized on data collection and
analysis, including common challenges in implementation. The
assumptions of the method (violation of which can lead to bias)
are outlined and references to example studies that illustrate the
method are given. Each method has strengths and weaknesses
in relation to a range of logistical and practical issues, including
relative cost. The final section discusses which methods are likely
to be appropriate for pinnipeds, cetaceans and sirenians, given
the various challenges that arise during implementation.
This paper does not address the estimation of trends in
abundance. The challenges of detecting trends, driven by the
limited power of typical abundance data, especially for cetaceans,
are well-documented (e.g., Taylor et al., 2007). Some studies
describing how to provide the best information on abundance
trends from the available data include Jewell et al. (2012);
Moore and Barlow (2014), Campbell et al. (2015); Williams
et al. (2016b), Forney et al. (2021); Nachtsheim et al. (2021),
and Boyd and Punt (2021).
ESTIMATING ABUNDANCE – GENERAL
PRINCIPLES
Abundance and Population Size
The terms abundance and population size are sometimes used
interchangeably. The common usage of the English word
“abundance” indicates a large quantity of something but, in the
context of estimating species abundance, it simply means the
number of animals, whether large or small. Abundance may
refer to the number of animals in any defined area or it may
refer to a “population,” which begs the question – what is a
population?
As a precursor to his discussion of comparative demography,
Cole (1957) defined a population as: “a biological unit at
the level of ecological integration where it is meaningful to
speak of a birth rate, a death rate, a sex ratio, and an age
structure in describing the properties of the unit.” This resonates
with the commonly considered definition that a population
comprises individuals of a species that live and interbreed
in the same space.
However, such a definition is challenging to implement for
many species, perhaps particularly so for marine mammals. Krebs
(1972, p139) proposed a more pragmatic definition: “a group of
organisms of the same species occupying a particular space at a
particular time . . . [its] boundaries . . . both in space and time
are vague and in practice are usually fixed by the investigator
arbitrarily.” Indeed, studies of abundance using at-sea transect
surveys (see below) need to be defined in space and time.
Estimates of abundance from such surveys therefore relate to the
“population” in an area, not to a wider biological population.
In studies to estimate abundance using mark-recapture methods
(see below), the population estimated comprises those individuals
that use the study area, which may be different from the
number of animals present in the area during a transect survey.
Calambokidis and Barlow (2004) discuss this difference with
respect to humpback and blue (Balaenoptera musculus) whales.
A population may also be defined for the purposes of
assessment and/or management; such definitions may be general
or specific. For example, the IUCN defines a population as the
“set of individuals from the same wild species that share the
same habitat” (IUCN, 2021). The United States Marine Mammal
Protection Act defines a “population stock” as a group of animals
“of the same species or smaller [taxon] in a common spatial
arrangement that interbreed when mature” (MMPA Section
3, 16 United States Code 1362). The International Whaling
Commission (IWC) manages whaling on the basis of defined
management stocks, for which abundance estimates are required
to be incorporated within a management procedure [e.g.,
bowhead whales (Balaena mysticetus) in the Bering-Chukchi-
Beaufort Seas5]. The International Council for the Exploration
of the Sea has defined “Assessment Units” for some species of
small cetacean in the European Atlantic [e.g., harbor porpoise
(Phocoena phocoena); ICES, 2014].
Whatever the context, for any study reporting abundance,
it is critical to define clearly the “population” to which
abundance refers.
Counting and Estimation of Abundance
From Samples
The simplest measure of the number of animals in a population
is a count. On rare occasions (e.g., “southern resident” killer
whales, which are all uniquely identifiable and do not disperse
from their natal units), all individuals in the population can be
counted (Olesiuk et al., 1990). However, a count is highly unlikely
to represent true population size for most marine mammals,
especially cetaceans, because of problems of access (individuals
spend all or most of their time at sea and mostly underwater),
behavior (individuals are highly mobile), and scale (most species
occur over large areas). Nevertheless, a count is a minimum
measure of abundance and this may be of value in the absence
of an estimate of abundance. However, use of a count, in the large
majority of cases, would substantially underestimate the capacity
of the population to sustain human impacts, such as bycatch
mortality, and would therefore lead to much lower bycatch limits
than are necessary to achieve management objectives.
To obtain a realistic measure of the number of animals in
a marine mammal population, abundance must typically be
estimated. Estimation involves collecting a sample of data that
can be extrapolated to the entire population using one or more
statistical models. The principles of extrapolating sample data
to estimate abundance using models can be illustrated through
a simple example.
Consider the need to obtain a measure of the number of
animals in a defined study area of size A = 450 km2. It is not
logistically feasible to count all the animals in the area. Instead,
a smaller subarea of size a = 50 km2 is defined, within which
it is believed possible to count all the animals, and in which
the density of animals is assumed to be representative of the
5https://archive.iwc.int/pages/view.php?ref=3606&k=
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larger area A. The count in the subarea (n = 35 animals) forms
the sample. Extrapolating to obtain an estimate of abundance is
achieved by (i) dividing the count n by the size of the subarea a to
provide an estimate of animal density, n/a = 35/50 = 0.7 animals
per km2, and (ii) multiplying estimated animal density by the size
of the whole study area, A = 450 km2 to provide the estimate of
abundance, 315 animals.
The statistical model in this case is simply: N̂ = na × A. The
“hat” over the N indicates that it is an estimated quantity.
The sizes of the areas, A and a, are known quantities because
they can be measured exactly, but the number of animals in the
subarea is unknown and the count, n, is thus a random variable
with associated statistical error. Estimating this error allows us
to provide a measure of precision of the estimate of abundance
(see below).
Bias and Precision in Estimates of
Abundance
All models, whether simple or complex, make assumptions
about the accuracy and representativeness of the sample data.
The resulting estimates of abundance can be biased if these
assumptions are not met. A biased estimate is not an accurate
measure of true abundance.
In the example in the previous section, the fundamental
assumption made is that it is valid to extrapolate the estimate
of animal density in the subarea, n/a, to the whole study area.
This assumption has two elements: first, that the sample count,
n, accurately represents the number of animals in the subarea a;
and second, that animal density in the subarea is representative
of density in the study area as a whole.
The first element, accuracy, can be thought of as the capacity
of the data collection protocol to provide accurate data. If it over-
or under-counts the animals, animal density will similarly be
over- or underestimated and extrapolation to the whole study
area will result in an over- or underestimate of abundance. For
example, the count will be incomplete and abundance will be
underestimated if some animals are unavailable for detection at
the time of the count because they are hidden from view, or if
they react to the presence of the observer and move away before
they are counted. These two situations can occur in surveys for
marine mammals and the solution is to collect additional data
so that a correction factor can be estimated to avoid under- or
over-estimation of abundance.
The second element, representativeness, is determined by
the sampling design. In this example, a single subarea has
been selected for estimating animal density. This could be
appropriate if animals were distributed randomly in space,
but this is rarely the case and cannot be assumed. Counting
within the subarea would lead to overestimating animal density
and, therefore, abundance, if, e.g., there were a gradient
in density across the study area and the small area fell
within an area of high density. The solution is to modify
the sampling design, for example by splitting the single
subarea into several smaller subareas and distributing them
randomly or systematically over the entire study area. This
should ensure that estimated animal density is representative of
overall density.
If assumptions about the data and methodology are met,
the resulting estimate of abundance should be an unbiased
measure of the true abundance. The concept here is that if
multiple sets of sample data are collected, the resulting repeat
estimates of abundance should be centered about the true
abundance. In practice, because true abundance is unknown,
the only way to determine that an estimate is unbiased
is to ensure that the assumptions about the data and the
estimation method are met.
Obtaining an unbiased estimate is ideally the aim of all studies
of abundance. It is therefore important (a) to use a method of
data collection that maximizes the accuracy of the data, and (b)
to implement a sampling design that ensures the sample data are
representative.
The point was made in the previous section that estimating
statistical error enables an estimate of abundance or population
size to be presented with a measure of precision. The measure
of precision expresses the level of uncertainty we have in
the estimate. Statistically, it indicates how much the estimate
would vary if it were calculated from repeated sets of sample
data. Measures of precision are primarily driven by sample
size; they include the Standard Error (SE), Coefficient of
Variation (CV, the SE divided by the estimate, expressed as a
proportion or a percentage), and a 95% Confidence Interval
(CI). An estimate with poor precision indicates that its value
was driven substantially by chance, whereas an estimate with
higher precision indicates that its value would be similar
regardless of the sample of data collected. We should thus be
less certain about an imprecise estimate, and be more cautious
about its use, than a precise estimate. As a general rule, an
estimate of abundance should always be accompanied by a
measure of precision.
It is important to be clear about the difference between bias
and precision in this context. An estimate may be based on
few data and thus be imprecise but nevertheless be unbiased if
assumptions about the data and estimation methods are met.
In contrast, a precise estimate based on a large sample may be
biased because of violation of sampling or analytical method
assumptions. For informing conservation and management, the
worst-case scenario is arguably a precise but biased estimate
because it conveys a false sense of confidence in an inaccurate
measure of abundance. For example, consider a population of
10,000 animals, for which there is an estimate of abundance
of 15,000 with a CV of 0.1. The estimate is inflated because
the sampled subarea contained a higher density of animals
than the entire study area. The CV is small because a lot of
data were collected in the sampled subarea. In this case, the
95% confidence interval for the estimate (12,000–18,000) would
not include the true value. A mortality limit reference point
(see Moore et al., In review, Frontiers in Marine Science) (see
text footnote 4) calculated on the basis of this estimate would
be considerably inflated, potentially leading to bycatch levels
that threaten the population. This reinforces the importance of
understanding and meeting assumptions about the data and the
estimation methods.
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Accompanying Information to Support
an Abundance Estimate
Abundance estimates provided to management authorities
should be accompanied by enough information to allow
assessment of their validity. As well as the estimate (for a
particular location and time) and measure(s) of its precision, it
is also good practice to provide:
• A description of the survey/sampling design;
• A description of data collection methods, including survey
platform, observer training and experience;
• Summary data, including spatial maps, searching effort,
animals counted and/or individuals identified (depending on
the method); and
• A description of analytical methods and additional
information used to generate the estimate and the measure(s)
of its precision.
An example of this is the specification of information that
should accompany any abundance estimate intended for use in
IWC management applications (e.g., the Revised Management




Several methods are available to estimate the abundance of
marine mammal populations; each can be considered within the
conceptual framework of extrapolating from counts, corrected
as appropriate, to an estimate of total abundance or population
size using statistical models. Which method is most appropriate
and how it is implemented depends on the species and other
factors such as logistics, resources and, in some cases, the purpose
of estimating abundance. This section introduces the various
methods available and identifies their data requirements, key
features and assumptions.
Correcting and Extrapolating Counts of a
Defined Portion of a Population
The primary basis for estimating the abundance of pinniped
populations (seals, sea lions, fur seals, walruses) is information
on counts of animals on land or ice. Cetaceans (whales, dolphins
and porpoises) and sirenians (dugongs and manatees) are never
similarly accessible for such counts. Counts may be of pups (or
walrus calves) born during a pupping season or of non-pups
hauled out at that time or at other times of the year.
Pinnipeds that haul out on land typically occur in breeding
colonies (where pups can be counted) or in other types of
aggregation outside the pupping season (e.g., for molting),
thus facilitating the counting of animals. These counts can be
corrected, if necessary, and then extrapolated to provide an
estimate of population size. Ice-associated pinnipeds are typically
distributed over wide areas of ice requiring information on
counts to be obtained from aerial surveys (see “Transect sampling
from ship or aerial surveys”).
More generally, estimates using count data may be combined
with those obtained using other methods such as surveys (see
“Transect sampling from ship or aerial surveys” below) and
mark-recapture (see “Mark-recapture” below), for example
for Hawaiian monk seals (Neomonachus schauinslandi)
(Baker et al., 2016).
Pup Counts
In species of pinniped that form breeding colonies on land, pups
may be counted during the pupping season from a boat (e.g.,
Boyd, 1993), from land (e.g., Guinet et al., 1994; Wege et al.,
2016), or often most efficiently via aerial surveys (e.g., Russell
et al., 2019). Collating data from diverse counting methods may
be required (e.g., Galatius et al., 2020). Pup counts or estimates
of total pup production are frequently used as indices of relative
abundance, especially when considering population trends over
time (e.g., Guinet et al., 1994; Shaughnessy et al., 2000; Wege
et al., 2016). Using pup counts to estimate population size
requires extrapolation.
Depending on the method of counting, detecting all pups
present may not be possible, e.g., because of obstructed views.
The probability of detecting a pup can be estimated by focused
comparisons of typical counts with known unbiased counts, or
through a mark-recapture experiment using temporarily marked
pups (e.g., Shaughnessy et al., 2000; Wege et al., 2016) to correct
for negative bias in count data. Comparison of ground counts
and aerial survey counts can also indicate bias in counts (e.g.,
Westlake et al., 1997; Lowry, 1999). The use of unmanned aerial
vehicles (UAV) can markedly improve the probability of detecting
a pup (e.g., Adame et al., 2017; McIntosh et al., 2018; see also
“Aerial survey or ship survey?” below). An extreme situation is
where ringed seal (Pusa hispida) pups are hidden in subnivean
lairs and invisible and other methods may be more appropriate
(e.g., photo-identification using camera traps; Koivuniemi et al.,
2016).
Pupping seasons can extend over several weeks so conducting
multiple counts over the entire pupping season may be necessary
to obtain an unbiased estimate of total pup production (e.g.,
Russell et al., 2019). It may not be possible to conduct counts at
all colonies in a population, in which case it is necessary to apply
models to pup counts from a subset of colonies to obtain unbiased
estimates of the total number of pups born in a season (e.g., Wege
et al., 2016).
In species that give birth to pups over large areas of ice,
aerial surveys are necessary to sample these areas. For example,
pup production of harp seals (Pagophilus groenlandicus) in the
northwest Atlantic is estimated using visual helicopter strip
transect surveys of pupping areas previously identified using
aerial reconnaissance, as well as photographic fixed-wing aerial
surveys of these same areas (Stenson et al., 2020).
The simplest way to extrapolate from pups to total population
is to construct a life table and compute the ratio of total
population numbers to the number of pups, i.e., a “pup
multiplier” (e.g., Pitcher et al., 2007; Hauksson, 2007; Russell
et al., 2019). Values of demographic parameters (such as age-
specific survival and fecundity rates) are required to construct
the life table. To avoid bias, demographic parameters should be
representative of the population to which the pup counts are
being extrapolated and additional resources may be needed to
estimate survival or fecundity. Alternatively, it may be necessary
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to use values from studies of the species, or a similar species,
elsewhere (Trites and Larkin, 1996; Lowry et al., 2014; Punt
et al., 2020). The Marine Mammal Bycatch Impacts Exploration
tool6 provides a range of calf/pup survival rates, adult survival
rates and age at maturity for different groups of pinnipeds
(Siple, 2021). Prudence is needed when using demographic
parameters that are not population specific or if population size
is changing and density-dependent effects have led to changes in
demographic parameters over time (Frie et al., 2012). In addition,
it is not easy to estimate the precision of estimates of total
population size using this approach.
A more complex way to extrapolate from pups to total
population size, that can overcome some of the problems
associated with the simple life table approach, is to use
a population model that is fitted to the count data (e.g.,
Thomas et al., 2019). Advantages of this approach include
incorporating more detailed information on demographic
parameters, modeling density-dependent effects, using datasets
additional to pup counts (such as counts of adults and/or
data on animals killed in hunts or fisheries) and incorporating
uncertainty (e.g., Butterworth et al., 1995). The assumptions
made using such population models to ensure unbiased
estimation of population size depend on the models.
All-Age Haul-out Counts
Counts of animals older than pups made during the pupping
season or at other times of the year, including the annual molt,
can be used as a basis for estimating abundance. In species of
pinniped that haul out in aggregations on land, the same counting
methods can be used as described above for pups, and the same
issues apply regarding failure to detect or count all animals at a
colony or haul-out site, or not being able to make counts at all
colonies/haul-out sites. Counts may thus need to be corrected as
described above if assumed to be inaccurate or unrepresentative.
In ice-associated pinnipeds, aerial surveys are needed to
obtain information on counts. For example, Bengtson et al.
(2005) used fixed-wing aerial line transect surveys to estimate
the abundance of ringed and bearded seal and Ver Hoef et al.
(2014) used data from helicopter line transect surveys in the
Bering Sea to estimate the abundance of ribbon (Histriophoca
fasciata), bearded (Erignathus barbatus) and spotted (Phoca
largha) seals. Speckman et al. (2011) used thermal images and
digital photography data collected from fixed-wing aerial strip
transect surveys to estimate the abundance of walrus (Odobenus
rosmarus) in the Bering Sea. See also “Transect sampling
from ships or aerial surveys” regarding strip and line transect
surveys, and “Aerial survey or ship survey?” regarding the use
of camera systems.
A novel method of obtaining counts that has potential for
some species of pinniped is to use earth observation imagery
(Moxley et al., 2017).
In some circumstances, it may be reasonable to assume that
all animals are ashore when counts are made, for example
mature animals on breeding colonies, and, in such cases, the
count may represent this component of the population (e.g.,
for South American sea lions Otaria flavescens, Sepúlveda et al.,
6https://msiple.shinyapps.io/mammaltool/
2011). However, typically, the number of animals hauled out
varies substantially over time so, preferably, the mean of a
series of counts conducted over an appropriate period should
be used in place of a single count (e.g., Sepúlveda et al., 2012;
Brasseur et al., 2018). This also allows variability in the count
to be incorporated into the overall measure of precision of an
extrapolated count (see below).
Because, typically, not all animals are ashore or on ice
when counts are made, a mean count (or corrected count, if
necessary) needs to be extrapolated to the entire population,
and this requires estimating the proportion of the population
that is hauled out during the period to which the mean count
applies. This proportion needs to be estimated from data on
haul-out behavior, obtained from observations of animals at
haul-out sites or, preferably, from marked individuals. Animals
may be marked using flipper tags or small implantable tags,
by photo-identification, or, ideally, by deploying transmitters
on the animals to obtain telemetry data (e.g., Thompson et al.,
1997; Bengtson et al., 2005; Sharples et al., 2009; Udevitz et al.,
2009; Lonergan et al., 2011; Ver Hoef et al., 2014). Either way,
additional resources are required to generate data from which
the proportion of the population hauled out can be estimated.
To obtain an unbiased estimate of population size by simple
extrapolation of a mean haul-out count using an estimate of the
proportion of the population hauled out requires that the counts
and the haul-out proportion data are, similarly, representative of
all components of the population in terms of age, sex and life
history. If this is not the case, analysis will need to account for
the variation (e.g., Lonergan et al., 2011) or at least acknowledge
potential bias in estimates of total population size.
Transect Sampling From Ship or Aerial
Surveys
Most of the information on the abundance of cetaceans comes
from surveys of defined areas conducted at sea on ships (or
smaller boats), or from the air using sampling along define
transect lines. Pinnipeds can also be detected during at-sea
surveys, although it is unusual for these data to be used to
estimate abundance (but see Brediñana-Romano et al., 2014;
Williams et al., 2017). However, an aerial survey is the only option
for obtaining information on abundance for some ice-associated
pinnipeds. The abundance of sirenians is typically estimated
from aerial surveys.
Unlike extrapolating counts or mark-recapture (see below),
transect methods sample animal density within defined areas,
not individual animals. Typically, a team of observers searches
on either side of a set of transect lines placed across a survey
area and counts the number of animals detected. Most cetaceans
occur clustered in groups, so observers typically count groups of
animals and determine (or estimate – see below) the size of each
group. Use of camera systems instead of observers to capture data
on aerial survey is discussed below.
Surveys may be conducted in so-called “passing mode” or
“closing mode.” In passing mode, the ship, small boat or
aircraft does not divert from the transect line to investigate
detected groups of animals. In closing mode, when a group
of animals is detected, searching effort is suspended and the
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group is approached by the ship or small boat or circled
overhead by the aircraft. The additional time spent observing
the animals, especially in close proximity from ships or small
boats, may allow more accurate species identification and
group size estimation, including taking photographs for this
purpose. Surveys conducted in passing mode maximize searching
time, and are necessary for double observer team surveys (see
below), but they may be subject to greater error in species
identification and group size estimation than surveys conducted
in closing mode.
Abundance is estimated by first estimating the density of
animals per unit area and then extrapolating density to the whole
study area. Abundance is therefore defined as the estimated
number of animals in a specified area during the period of
time that the survey took place. It is thus conceptually similar
to the example described in “Counting and estimation of
abundance from samples,” but the area sampled is the area
around the set of transect lines placed across the survey area (see
Figure 1), not a subarea.
Proper placement of the transect lines is critical for unbiased
estimation of abundance. To guarantee that estimated animal
density is representative of the entire study area, the set of
transect lines must be placed according to a design that ensures
that every point in the study area has the same probability of
being sampled. This is known as an equal coverage probability
design. Clearly any one set of transect lines can only sample a
small proportion of the available area. However, incorporating
a random starting point into an appropriate design ensures that
many repeated, randomly chosen sets of lines would sample
everywhere in the study area. Estimates of abundance from
surveys that achieve equal coverage probability are known as
design-based estimates.
Stratification of survey areas into a number of blocks is
commonly done, often for logistical reasons. Survey design
should then ensure equal coverage probability within each block.
If density differs among blocks, for example because they cover
different habitats, stratification may improve the precision of
abundance estimates. Transect line placement can be challenging
in coastal, inland, and riverine areas; Dawson et al. (2008)
provide guidance for such areas. In some circumstances, data
from surveys that do not achieve equal coverage probability can
be used to estimate abundance in a model-based approach (see
“Model-based estimation of abundance”).
Transect surveys for cetaceans typically collect data visually.
However, for deep-diving species, abundance estimated from
visual data is likely to be negatively biased because of the long
dive times of these species (see availability bias below). For these
species, using passive acoustic data (i.e., recordings of sounds
made regularly, such as for echolocation, by the animals) to
estimate abundance may be possible. For example, sperm whale
abundance has been estimated from a combined acoustic and
visual survey (Barlow and Taylor, 2005) and solely from acoustic
data collected from hydrophones towed behind a survey ship
(Lewis et al., 2007). Taylor et al. (2017) combined a line transect
survey with acoustic data from static recorders to estimate
the abundance of vaquitas (Phocoena sinus). Data from static
acoustic recorders have also been used to estimate the abundance
of beaked whales (Marques et al., 2009) using point-transect
distance sampling, a variant of line transect sampling in which
the area around a series of points is searched, instead of the
area on either side of a series of transect lines (Buckland et al.,
2001). These methods are under development; recent work also
includes the use of drifting passive acoustic recorders to estimate
the density of deep-diving cetacean species (e.g., Keating et al.,
2018; Barlow et al., 2021a,b,c).
Strip Transect Surveys
In strip transect sampling, it is assumed that all animals are
detected within a strip of defined width on each side of the
transect line (Figure 1). The sum of the lengths of all the transect
lines multiplied by the width of the strip on both sides of the
line defines the sample area searched. As noted above, this is
equivalent to the subarea in the example in “Counting and
estimation of abundance from samples.” The number of animals
detected (counted) divided by the size of the searched area gives
an estimate of animal density, which is multiplied by the size
of the survey area to estimate abundance. If not all animals are
detected within the strip, abundance will be underestimated (see
“Line transect sampling” below).
A form of strip transect is typically used to survey sirenians.
In surveys of dugongs in Australia, the defined strip is narrow
(200 m) and no clear evidence has been found of a decline in
detection with perpendicular distance within the strip (Pollock
et al., 2006). However, corrections to these counts are made for
availability bias and perception bias (Marsh and Sinclair, 1989),
which are described below. Other example studies of estimating
sirenian abundance from such surveys include Preen (2004);
Findlay et al. (2011), Martin et al. (2015); Hagihara et al. (2016)
and Hostetler et al. (2018). Note also that abundance of manatees
(Trichechus manatus) in Panama has been estimated from side-
scan sonar deployed from a small boat in a river system (Guzman
and Condit, 2017). Strip transect surveys have also been used to
obtain data to estimate the abundance of ice-associated pinnipeds
(e.g., Speckman et al., 2011; Stenson et al., 2020).
Line Transect Sampling
The probability of detecting an animal, or a group of animals,
declines as the distance away from the transect line increases so,
unless the strip is narrow, not all animals in the strip will be
seen. Line transect sampling is a modification of strip transect
sampling, in which the assumption that all animals are detected
within a defined strip is relaxed; it is only required that all animals
are seen on the transect line (see below for discussion of this).
Instead, data are collected on the perpendicular distance from the
transect line to each detected animal or group (Figure 1). Line
transect sampling is thus often referred to as distance sampling
(Buckland et al., 2001, 2015; Thomas et al., 2010).
A detection function is fitted to the perpendicular distance
data (Thomas et al., 2010; Figure 1), which provides an
estimate of the average probability of detection (of animals or
groups) within the strip. Including covariates related to sighting
conditions in the detection function may improve its fit. Dividing
the number counted by the average probability of detection
corrects the count for the animals or groups missed within the
strip. In conventional analysis, however, the correction is actually
made to the width of the strip, not to the number counted.
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FIGURE 1 | Schematic representation of the elements of a line transect survey. Illustration of a sampling design (top left) in which parallel lines are placed equidistant
from each other (other designs such as zig-zag lines could also be appropriate). The starting point for the first line is random so that the design satisfies the
requirements for an equal coverage probability design (see text). The shaded areas around the lines represent the strip searched by observers as they progress in the
direction of travel indicated by the arrows at the end of each line. The dots represent animals (or groups of animals); red dots are those within the searched strip. In a
strip transect survey, all the animals represented by red dots are assumed to be detected. In a line transect survey, animals further from the transect line are less
likely to be detected so not all of the animals represented by red dots may actually be sighted. Note that animals are not distributed randomly across the survey
area – density is higher toward the top than the bottom. This design follows good practice in placing lines perpendicular to the density gradient (if known) to minimize
inter-line variability in the number of animals detected and thus maximize precision in abundance estimation. To the right is an illustration of data collection on one of
the transect lines. The width of the strip searched on each side of the line is defined as w. When an animal (or group of animals) is detected from the ship, observers
measure the distance r and the angle θ, from which perpendicular distance from the transect line, d, can be calculated as r x sinθ. Perpendicular distance is
measured directly from the aircraft when it comes abeam of the animal. On completion of a survey, the perpendicular distances measured to all the detected animals
or groups can be plotted as a frequency histogram. Note that the frequency of animals detected declines as perpendicular distance increases away from the
transect line (zero perpendicular distance). The red curved line represents the detection function fitted to the perpendicular distance data, with detection
probability = 1 at perpendicular distance = 0, as assumed in line transect analysis (see text). The effective strip half-width, esw (average detection probability x w, see
text), is the perpendicular distance at which the number of animals detected at greater distances (represented in pink) equals the number of animals present but not
detected at lesser distances (represented in blue).
Multiplying the strip width by the average probability of
detection gives a quantity known as the effective strip width
(esw, Figure 1). The term “effective” signifies that it is the
width of a strip within which all animals would have been
counted. Note that esw conventionally refers to one side of
the transect line only so is actually the effective strip half-
width. The sum of the lengths of all the transect lines
multiplied by the esw on both sides of the line defines
the effective search area, within which all animals would
have been counted.
Animal density is estimated by dividing the number of animals
seen, or the number of groups seen multiplied by mean group
size, by the effective search area. As for strip transect sampling,
abundance is estimated by multiplying the estimate of animal
density by the size of the survey area.
There is an extensive literature on using line transect sampling
to estimate the abundance of many species of cetaceans in
different habitats. Table 1 gives references to some example
studies that describe how the method can be implemented
for a variety of species. In addition, line transect sampling is
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TABLE 1 | Example studies using line transect (distance) sampling to estimate the abundance of cetacean species.
Survey platform Species Area References
Small boat Irrawaddy dolphin Bangladesh, Sarawak, Malaysia Smith et al., 2006; Minton
et al., 2013; Kuit et al., 2021
Small boat Indo-Pacific finless porpoise Sarawak, Hong Kong, Malaysia Minton et al., 2013; Jefferson
and Moore, 2020; Kuit et al.,
2021
Small boat Indus river dolphin Pakistan Braulik et al., 2012
Small boat Ganges river dolphin Bangladesh Smith et al., 2006
Small boat Amazon river dolphin (boto),
Tucuxi
Amazon and Orinoco Basins Vidal et al., 1997;
Gomez-Salazar et al., 2012;
Williams et al., 2016b;
Paschoalini et al., 2020
Small boat Killer whale British Columbia Williams and Thomas, 2009
Ship Multiple species California Current Barlow and Forney, 2007
Ship Multiple species Central North Atlantic Pike et al., 2019
Ship Multiple species European Atlantic Hammond et al., 2002, 2013
Ship Multiple species Alaska, British Columbia,
Bering Sea
Zerbini et al., 2006; Williams
and Thomas, 2007; Friday
et al., 2013
Ship Common minke whale Northeast Atlantic Skaug et al., 2004
Ship Fin whale Northeast and central Atlantic,
California Current
Moore and Barlow, 2011;
Víkingsson et al., 2013
Ship Antarctic minke whale Southern Ocean Branch and Butterworth, 2001
Ship Blue whale Western United States Calambokidis and Barlow,
2004
Ship Blue whale Southern Ocean Branch, 2007
Ship Killer whale Alaska Zerbini et al., 2007
Ship Humpback whale Brazil, Western United States,
Southern Ocean
Calambokidis and Barlow,
2004; Branch, 2011; Bortolotto
et al., 2016
Aerial Multiple species European Atlantic Hammond et al., 2013
Aerial Multiple species Greenland Hansen et al., 2018




Iceland Borchers et al., 2009; Gilles
et al., 2020; Pike et al., 2020
Aerial Harbor porpoise German/Dutch North Sea Scheidat et al., 2012;
Nachtsheim et al., 2021
Aerial Harbor porpoise California Current Forney et al., 2021
Aerial Franciscana dolphin Argentina, Brazil Crespo et al., 2010; Danilewicz
et al., 2010; Sucunza et al.,
2020
Aerial Hector’s dolphin New Zealand Slooten et al., 2004;
MacKenzie and Clement, 2014
used to estimate the abundance of ice-associated seals (e.g.,
Bengtson et al., 2005; Ver Hoef et al., 2014).
Further Assumptions of Line Transect Sampling
An important assumption of line transect sampling is that all
animals directly on the transect line are seen. Clearly, this is
unlikely to be true generally for marine mammals, which spend
most of their lives underwater and might thus be unavailable
for detection at the surface. Undercounting as a result of this
is known as availability bias, because animals are unavailable
to be seen. Even if a group of animals on the transect line is
at the surface, it may not be detected because of observation
conditions or simply by chance; this is known as perception
bias. Estimates of cetacean abundance that are not corrected for
animals missed on the transect line are thus negatively biased to
an unknown extent. In the literature, the probability of detection
on the transect line, encompassing availability and perception, is
typically known as g(0).
A standard way to correct for animals missed on the
transect line is to collect data from two independent observation
platforms (double observer team data), identify duplicate
detections, and implement so-called mark-recapture distance
sampling methods (e.g., Burt et al., 2014), which allow correction
for perception bias. g(0) is likely to vary with sighting conditions
(Barlow, 2015), which may thus need to be taken into account in
analysis (e.g., Moore and Barlow, 2013).
Frontiers in Marine Science | www.frontiersin.org 9 September 2021 | Volume 8 | Article 735770
fmars-08-735770 September 22, 2021 Time: 17:11 # 10
Hammond et al. Estimating Marine Mammal Abundance
Double-observer team data collection is usually not possible
on small boats used in coastal waters, and small aircraft may also
not be able to accommodate two independent teams of observers;
estimates of abundance from such surveys will therefore not be
corrected for perception bias. Some recent work explores the use
of passive acoustic data collected from a towed hydrophone in
combination with a conventional visual observer team to estimate
g(0) (Martin et al., 2020; Rankin et al., 2020).
There is also the potential to correct for availability bias using
double observer team data. On ships, this can be implemented
using the so-called “tracker mode,” which involves one team
of observers (tracker) searching far ahead of the vessel and
tracking detected animals until after they become available to
the second team (primary) searching closer to the vessel (e.g.,
Hammond et al., 2013). However, this method may not correct,
or fully correct, for availability bias, depending on the species. In
particular, as mentioned above in the context of acoustic data,
long-diving species such as beaked whales or sperm whales may
be underwater, and thus unavailable, for the whole time that
a survey ship passes by. On aerial surveys, the circle-back or
“racetrack” method (Hiby, 1999) was developed to correct for
both perception and availability bias for relatively short-diving
species, such as the harbor porpoise (e.g., Scheidat et al., 2012;
Hammond et al., 2013). In this method, triggered by a sighting
of an animal or group of animals, the aircraft circles back and re-
surveys the same piece of transect line to provide the equivalent
of double observer team data.
Alternatively, availability bias can be corrected for using data
on the proportion of time animals or groups of animals spend
on the surface; such data may come from observations of diving
behavior (e.g., MacKenzie and Clement, 2014; Sucunza et al.,
2018) or telemetry (e.g., Heide-Jørgensen and Laidre, 2015).
Some additional studies that estimate the proportion of
animals seen on the transect line, g(0), include Marsh and
Sinclair (1989) and Laake et al. (1997) for aerial surveys, and
Barlow (2015); Moore and Barlow (2013), and Pike et al. (2019)
for ship surveys.
A further assumption of line transect sampling is that animals
do not move prior to detection. Random movement only
becomes important at slow survey speeds; bias in estimated
abundance is positive but small unless survey speed is less
than around twice the speed of movement of the animals
(Buckland et al., 2001). This is typically not the case but may
need to be considered if the survey vessel is a yacht, for
example. However, some species may react to approaching survey
ships by moving away from or toward them prior to being
detected, resulting in biased measurements of perpendicular
distance. Such responsive movement is typically not a problem
for aerial surveys because of the relatively high speed of
aircraft. From ships, responsive avoidance or attraction may
lead to under- or over-estimation of abundance, respectively.
Over-estimation (positive bias) as a result of attraction prior
to detection has been shown to be substantial in some
studies (e.g., Turnock and Quinn, 1991; Cañadas et al.,
2004). One method of identifying and dealing with responsive
movement prior to detection on ship surveys is described
in Palka and Hammond (2001).
As with other methods, it is assumed that data are
collected accurately but this can be a considerable challenge
in line transect (or strip transect) surveys for cetaceans. The
basic data related to sightings of animals (species identity,
perpendicular distance, group size) can all be difficult to
determine or measure, especially from a ship, and errors can
lead to bias. Issues related to measurement error in estimates
of distance and angle to groups sighted on boat surveys
are discussed by Williams et al. (2007). The potential bias
in estimates of abundance caused by errors in distance and
angle measurements is investigated by Leaper et al. (2010).
A photographic method to improve the accuracy of these
measurements (Gordon, 2001; Leaper and Gordon, 2001) has
been further developed and used in surveys in the European
Atlantic (e.g., Hammond et al., 2013). Bias in group size
estimation may have a substantial effect on abundance estimates.
For example, in transect surveys of pelagic dolphins, Gerrodette
et al. (2019) found that observers underestimated group sizes
greater than 25 animals and that this negative bias increased
with group size. Boyd et al. (2019) described methods for
estimating group size from photographic or video images taken
on aerial survey. Observer training in group size estimation
may improve estimates by reducing variance among observers
and reducing bias.
Model-Based Estimation of Abundance
An alternative to the design-based estimation methods of
analysis described above is to model observed density along
the transect lines as a function of environmental covariate
data and to use the model to predict density over the
entire survey area to obtain an estimate of abundance (e.g.,
Gilles et al., 2016; Panigada et al., 2017; Rogan et al.,
2017; Becker et al., 2020). This model-based estimation of
abundance is also referred to as density surface modeling
(Miller et al., 2013) or species distribution modeling (Zurell
et al., 2020). Note that detection probability must be estimated
and incorporated in analysis for model-based estimates of
abundance to be unbiased. Relevant environmental covariates
could be spatial (e.g., latitude and longitude), physiographic
(e.g., depth, slope), or reflect dynamic oceanography (e.g., sea
surface temperature).
There are several attractive features of model-based estimation
of abundance. The use of additional covariate data means
that model-based estimates of abundance are potentially more
precise than design-based estimates calculated from the same
survey data (e.g., Rogan et al., 2017). Moreover, the data do
not have to come from surveys designed to achieve equal
coverage probability of the survey area, so abundance can be
estimated from surveys where this has not been possible (e.g.,
Cañadas and Hammond, 2006, 2008; Williams et al., 2006,
2011). Data collected from platforms of opportunity such as
fishery surveys, ferries, or whale-watching vessels could thus
be used to estimate abundance using model-based methods,
as long as the base survey data themselves are adequate.
A potentially useful feature of model-based estimation is that
abundance can be estimated for any defined area, rather
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than being restricted to the survey blocks in the design-
based method.
However, there are some important issues to consider when
using model-based methods. As in any model, the more
covariates included, the larger the number of observations
needed to support a more complex model. Model-based
methods may thus not be appropriate for datasets with a
small number of observations. In addition, the range of
values of the environmental covariates in the area for which
abundance is to be estimated (the “covariate envelope”) must
have been adequately sampled by the survey to ensure robust
prediction of abundance. Prediction of any model outside
the range of the data used by the model should be done
with caution and estimation of abundance in areas or in a
“covariate envelope” not covered by the data may be challenged.
However, there is an increasing need to estimate abundance
in unsurveyed areas and methods for extrapolating model-
based density to such areas are in development (see e.g.,
Mannocci et al., 2017; Bouchet et al., 2020).
Perhaps the most important issue is the obvious point that
model-based estimates of abundance are dependent on the model
fitted to the data. Good modeling practice can be gleaned
from appropriate texts and example studies (e.g., Gilles et al.,
2016; Becker et al., 2020) but there are nevertheless multiple
ways in which models can be applied and different models will
produce different estimates of abundance. Selection of the “best”
model can be challenging. Estimating the precision of model-
based abundance estimates can also be more challenging than
it is for design-based estimation; propagating uncertainty in all
model parameters is complex and is an active area of research
(Becker et al., 2020; Sigourney et al., 2020).
Land- or Ice-Based Counts of Migrating
Baleen Whales
Some populations of baleen whales, namely gray, humpback and
bowhead whales, migrate close to land or ice and can be counted
as they pass a suitable observation point. However, even if the
whole population migrates past such a point, not all animals will
be observed and counted, so the counts need to be corrected
and extrapolated to obtain unbiased estimates. Whales can be
missed because they migrated past the observation point before
or after the observation period, at distances beyond visual range,
or during periods when counting could not take place, such as at
night or during poor weather. These whales are thus unavailable
to be counted, leading to availability bias described above, which
needs to be corrected for with correction factors derived from
additional data and/or models.
Whales may also be missed because they were available
to be seen but were not detected (equivalent to perception
bias described above). A correction factor for this bias can
be estimated from data collected at two observation points in
the form of a mark-recapture experiment, equivalent to mark-
recapture distance sampling. In addition, in studies where whales
are typically detected in groups, the number of whales in a group
may be underestimated and need to be corrected for using data
collected additional to the main study.
Studies to estimate abundance of migrating baleen whales that
include correction factors such as those described above include:
gray whales (Rugh et al., 2005; Laake et al., 2012), humpback
whales (Noad et al., 2011) and bowhead whales (George et al.,
2004; Givens et al., 2016).
The number of migrating whales can also be estimated
using aerial survey, rather than land- or ice-based counts.
Salgado Kent et al. (2012) employed this method to
estimate the abundance of humpback whales off western
Australia on both north- and southbound migration. In this
study, challenges in allocating temporarily milling whales
to the north- or southbound component of migration
was identified as a factor that could influence estimates
of abundance.
Mark-Recapture
Recognition of Individual Animals
If individual animals are naturally or artificially marked, and
can subsequently be recognized in the future, mark-recapture
methods can be used to estimate abundance (Hammond et al.,
1990; Amstrup et al., 2005; Hammond, 2018). The conventional
way to mark an animal is to capture it physically and apply
an artificial mark or tag, for example, a colored band or ring
attached to the leg of a bird. Studies of marine mammals in
which artificial marks or tags have been applied to individuals
have typically been undertaken to estimate correction factors
for pinniped counts or to estimate survival rates (McIntosh
et al., 2013; Greig et al., 2019; Brusa et al., 2020). Population
size has been estimated from analysis of data from leopard
seals (Hydrurga leptonyx) marked with flipper tags (Jessopp
et al., 2004; Forcada and Robinson, 2006) and northern
elephant seals (Mirounga angustirostris) marked with hair dye
(García-Aguilar and Morales-Bojórquez, 2005).
In some species of marine mammal, individual animals
can be recognized from natural markings on their skin or
pelage, or the nicks and notches on their dorsal or tail fin.
Individuals are “captured” and “marked” by taking high-
quality photographs of these natural markings, avoiding
the need for physical capture or artificial marking. This
method of data capture is known as photo-identification, or
photo-id. Some example studies estimating the abundance
of species that possess natural markings using mark-
recapture methods applied to photo-id data are given in
Table 2.
Photographs may be taken on land for pinnipeds and at
sea for most species of cetacean; aerial photographs can be
used for some species of large whale, e.g., right and bowhead
whales. Processing includes grading photographs for image
quality and matching images to a catalog of previously
identified individuals. Urian et al. (2015) provides a good
general review of best practices for implementing photo-
id methods to generate data for estimating abundance
using mark-recapture. Issues that need consideration
include photographic quality, distinctiveness of individuals,
matching criteria, and the permanence or evolution of
natural markings.
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TABLE 2 | Example studies applying mark-recapture analyses to photo-identification data to estimate the abundance of cetacean and pinniped species.
Species Area References
Humpback whale North Atlantic, Ecuador, North
Pacific, Oceania
Smith et al., 1999; Stevick
et al., 2003; Calambokidis and
Barlow, 2004; Barlow et al.,
2011; Felix et al., 2011;
Constantine et al., 2012
Fin whale Gulf of St Lawrence Ramp et al., 2014
Southern right whale Argentina Whitehead et al., 1986
North Atlantic right whale Western North Atlantic Pace et al., 2017
Blue whale Eastern North Pacific, Chile Calambokidis and Barlow,
2004; Galletti Vernazzani et al.,
2017
Killer whale Alaska, Norway Durban et al., 2010; Kuningas
et al., 2014
Common bottlenose dolphin Eastern United States,
Scotland
Read et al., 2003; Balmer et al.,
2008; Arso Civil et al., 2019b
Indo-Pacific bottlenose dolphin Western Australia Smith et al., 2013
Indo-Pacific humpback dolphin Hong Kong, Malaysia Chan and Karczmarski, 2017;
Kuit et al., 2021
Irrawaddy dolphin Sarawak Minton et al., 2013
Gray seal France Gerondeau et al., 2007
Harbor seal Scotland Cordes and Thompson, 2015
Monk seal Western Sahara, Hawaii Forcada and Aguilar, 2000;
Martínez-Jauregui et al., 2012;
Baker et al., 2016
Leopard seal South Georgia Forcada and Robinson, 2006
Saimaa ringed seal Finland Koivuniemi et al., 2016, 2019
The process of matching individuals becomes considerably
more time consuming as a catalog of individuals becomes
large. Computer software to assist matching individuals
of some species has been available and used for some
time, e.g., for gray seals (Hiby and Lovell, 1990) and
humpback whales (Mizroch et al., 1990). Two generic
systems currently available are the Interactive Individual
Identification System (I3S)7; and the Image-Based Ecological
Information System (IBEIS) accessible via Wildbook8.
Recent developments of automated matching systems for
cetaceans include Bogucki et al. (2019) for right whales and
Cheeseman et al. (in press) for humpback whales. Some
projects encourage so-called citizen science by providing
portals for members of the public to upload photographs for
matching9 10.
In addition to physical marking/tagging and photo-id,
individuals can be marked using their DNA as a genetic marker.
As with photo-id, this avoids the need for physical marking
and, if a remote biopsy sample is taken, physical capture (e.g.,
Palsbøll et al., 1997). Conventional mark-recapture models can
then be applied; examples include studies of Māui dolphins
(Cephalorhynchus hectori maui) (Hamner et al., 2014), North





humpback whales in Oceania (Constantine et al., 2012). Genetic
data from individuals can also be used to estimate population
size in close-kin mark-recapture analysis (Bravington et al., 2016;
Ruzzante et al., 2019). While the use of this method is still in its
infancy, it has some advantages over traditional mark-recapture
methods that may prove useful in some circumstances.
If data from more than one mark type are available, for
example left-and right-side photo-id images of individuals or
both photo-id and genetic markers, it may be possible to use both
data sources simultaneously to estimate abundance (see Madon
et al., 2011; McClintock et al., 2013; McClintock, 2015).
On rare occasions, it may be possible to identify all, or almost
all, of the animals in a population over a season, in which case
the data provide a (nearly) complete count and there is no need
for mark-recapture analysis. This is most likely to occur only for
small populations in which individuals are strongly resident in a
small area, e.g., ‘southern resident’ killer whales, which number
less than 100 (Olesiuk et al., 1990). So-called discovery curves
(e.g., Balmer et al., 2008) of the cumulative number of newly
identified individuals plotted over a period of time in which
the population is assumed to be closed (see below) may help
to ascertain this.
Mark-Recapture Estimation of Abundance
Using mark-recapture methods to estimate the size of a
population is most easily illustrated by considering data from
just two samples, a capture occasion and a recapture occasion.
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Consider that a sample (number) of individuals, n1, is captured,
marked and released back into the population. After a period
to allow mixing of animals, a second sample of individuals,
n2, is captured. If a number of these individuals, m2, have
been previously marked (and are thus recaptures), and if some
assumptions are met (see below), the estimated proportion of
marked animals in the second sample, p̂2 = m2n2 , should equal the
proportion of marked animals in the whole population, n1N , where
N is population size.
Equating these terms and rearranging the equation leads to
an estimator of the size of the population: N̂ = n1n2m2 , usually
known as the Petersen two-sample estimator. Alternatively, we
could express estimated population size as: N̂ = n1p̂2 , to illustrate
that mark-recapture methods correct the count of individual
animals captured in a sample by an estimate of the probability of
capturing an animal. Mark-recapture analysis can also be thought
of as a way to estimate the number of animals in the population
that were never captured during the study.
Abundance, thus estimated, is defined as the number of
individuals that were present in the study area during the period
when sampling took place. Note that, in situations where animals
move in and out of the study area during the sampling period
(see below), this estimate of abundance may be different from that
obtained from a survey over a shorter period of time (see “Mark-
recapture using photo-id data or line transect sampling?”).
Most mark-recapture studies, including those referred to
above, use multiple samples, in which all samples except the first
include recaptures of marked animals and captures of animals
not previously encountered. The data used in analysis are the
capture histories of each individually identified animal, typically
represented by a string of 1s (captured) and 0s (not captured).
Options for analysis range from relatively simple “conventional”
models to those that allow relaxation of assumptions made
by simpler models (see below). Mark-recapture analysis is
often conducted in the purpose-specific software MARK11 (see
“Data analysis”).
In some species, particularly delphinids, not all individuals in
the population possess natural markings that allow them to be
recognized. In these cases, mark-recapture analysis of these data
only estimates the abundance of animals with adequate markings.
To obtain estimates of abundance of the whole population, the
proportion of unmarked animals in the population must be
estimated (e.g., Urian et al., 2015).
Mark-Recapture Assumptions
Regardless of how an animal is marked, mark-recapture methods
assume that individuals are uniquely marked, that marks cannot
change or be lost, and that all marked animals are recognized and
recorded correctly. The assumption that the data are accurate is
particularly important in mark-recapture analysis because errors
in recording the number of recaptures can lead to substantial
bias in estimates of population size if sample sizes are small.
Additional assumptions made when applying mark-recapture
methods relate to the models used for data analysis (e.g.,
Hammond, 2018).
11http://www.phidot.org/software/mark/
An important assumption made by conventional mark-
recapture models is that, within a sampling occasion, all animals
have the same probability of capture. In studies where individuals
are physically captured and marked, capture probability may
change as a result of marking. However, the most common
violation of this assumption for studies of cetaceans using
photo-id is that capture probabilities vary from one individual
to the next – often described as heterogeneity of capture
probabilities. There are several reasons for this. Individuals may
have preferences for different areas leading to variation in the
probability of encountering an animal if not all areas inhabited
by the population are equally sampled, as is commonly the case.
Individuals may also respond differently to being approached
for photography, and variation in natural markings among
individuals may lead to variation in ability to identify them.
Capture probability may vary by sex or reproductive status as well
as from individual to individual.
For these reasons, heterogeneity of capture probabilities is
a feature of most cetacean photo-id datasets, even when field
methods are implemented to minimize the problem. If this is not
explicitly dealt with by modifying conventional mark-recapture
models in analysis, estimates of population size will be negatively
biased (e.g., Hammond, 2010, 2018). Animals with high capture
probability will be recaptured more often than average, leading
overall to more recaptures than expected and to negative bias (see
equation for Petersen two-sample estimator above). Conversely,
animals with very low capture probability may never be seen
and thus not be included in the population estimate, also leading
to negative bias.
Another key consideration is whether the population can be
assumed to be demographically closed, i.e., no recruitment, death
or permanent immigration/emigration takes place during the
study period. If this can be assumed, closed population models (see
Hammond, 2018) can be used in analysis. For this to be true, the
study period must clearly be short relative to the life history of the
study species. It is commonly accepted that data collected within
a year adequately meet the assumption of demographic closure
for marine mammals. For longer-lived species with lifespans of
several decades, it may be acceptable to use closed models to
analyze data from two or more years (e.g., Smith et al., 1999)
because the bias introduced by failure of the closure assumption
is relatively small (Hammond, 1986). Justifying the use of closed
models is potentially important because it is straightforward
to relax the assumption of equal capture probabilities, thus
minimizing or avoiding the associated negative bias otherwise
associated with heterogeneity (Wilson et al., 1999; Calambokidis
and Barlow, 2004; Kuningas et al., 2014; Curtis et al., 2021).
Open population models (see Hammond, 2018) that allow
demographic change may be required to analyze longer time
series of data (i.e., several years). However, modifying open
population models to fully relax assumptions about equal capture
probabilities is rarely possible and they may also be difficult to
fit to data (e.g., Curtis et al., 2021). Open population models are
thus less commonly used for estimating the abundance of marine
mammal populations.
The open population model POPAN estimates the size of a so-
called “superpopulation.” This is an estimate of the total number
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of animals using the study area that were alive at any point over
the whole study period; for any given year it thus includes animals
that have died and those that have yet to be recruited. Studies
that have used this model include Constantine et al. (2012) for
humpback whales in Oceania and Galletti Vernazzani et al. (2017)
for blue whales (Balaenoptera musculus) off Chile.
Other studies have used open population models of survival
to estimate annual recapture probabilities, pt and then used
them to correct the number of animals captured each year,
nt . Abundance in each year, t, is then estimated as N̂t = ntp̂t ,
which is equivalent to the equation relating to the Petersen
estimator. Studies using this approach include Taylor et al. (2009)
for polar bears (Ursus maritimus) and Madon et al. (2013) for
humpback whales. However, this approach assumes that capture
and recapture probabilities are equal, which is likely not to be
the case in most studies. More complex open population mark-
recapture models to estimate abundance can be developed if data
are available, for example for western gray whales (Cooke et al.,
2005) and for North Atlantic right whales (Eubalaena glacialis)
(Pace et al., 2017).
It may be preferable to use closed population models fitted
to data within each year if multiple samples are available within
each year. Alternatively, a method of analysis that combines
open and closed population models, known as “robust design,”
can be applied to data to estimate population size within years
and survival rates between years (e.g., Smith et al., 2013; Arso
Civil et al., 2019a,b) or seasonal variation in population size
(e.g., Cordes and Thompson, 2015). Robust design models
can also estimate temporary emigration/immigration rates, the
incorporation of which can reduce any bias in annual estimates
of population size (and survival rate) caused by inter-annual
movement of animals out of and into the study area. These
models can be powerful tools but to use them appropriately
requires studies that generate representative data both within
and among years.
PRACTICALITIES AND RESOURCES
In some cases where the abundance of a population of marine
mammals is to be estimated, the choice of a suitable method
is fairly clear. For example, extrapolating counts of either
pups or all-age animals is likely to be the main method
considered to estimate the abundance of pinniped species that
form aggregations on land because counts are typically relatively
easy to conduct. For ice-associated species, however, their
scattered distribution in large and difficult-to-access areas will
typically require an aerial survey. Ship line transect surveys
may be the only feasible method to estimate the abundance
of cetacean populations inhabiting large areas far from land.
However, there are circumstances in which the choice of method
may not be clear.
Given the species of interest and its primary habitat,
understanding the practical requirements and resources needed
to collect the data to implement a given method is a good
starting point. Table 3 summarizes this information for each of
the methods described above. Even if the choice of methods is
clear, it should be useful to summarize what the commitments
are likely to be. Some particular issues are discussed below.
Whatever method is used, it is crucial that personnel have
adequate expertise and receive the appropriate training.
Figure 2 summarizes the general flow of information and
activities when considering the estimation of abundance of a
marine mammal population.
Pinniped Counts – Pups or All-Age
Animals?
Section “Correcting and extrapolating counts of a defined portion
of a population” and Table 3 describe the basis and requirements
for studies to estimate the abundance of pinniped populations
from counts. When considering such studies, it may be required
to decide whether to count pups or animals of all ages. The
practical aspects of ensuring that counts are as accurate as
possible are similar, but the choice may be informed based on how
available the animals are to count.
In most species, pups are available at a defined time of the
year and, in many species, pups are ashore for many days or
even weeks, facilitating both planning and the actual counting.
If there is a period of peak pupping, pup counts can be focused
at this time both to maximize the count but also to ensure
consistency across years. Care may be needed, however, if the
pupping period shifts over time. Counts of mature animals can
also be made at pupping/breeding colonies but immature animals
are unlikely to be included.
Counts of pups may not be straightforward to obtain for
some species; for example, harbor seal (Phoca vitulina) pups
can enter the water soon after birth. For such species, or where
counting pups is logistically challenging, counting animals of all
ages may be required or desirable. In these cases, it is important
to determine an appropriate time to make counts, ideally when
the largest proportion of the population is hauled out. For phocid
seals, the annual molt may be a good time.
The difference in how pup counts and all-age counts are
extrapolated to the whole population may also be an important
factor in choice of method. For pups, life history information is
needed to calculate a “pup multiplier” or as input to a population
model. For all-age animals, information on haul-out behavior,
preferably from telemetry, is needed to estimate the proportion
of animals ashore when counts are made.
Mark-Recapture Using Photo-Id Data or
Line Transect Sampling?
If individuals in a population of cetaceans possess natural
markings suitable for photo-identification, e.g., humpback or
blue whales, or bottlenose dolphins (Tursiops truncatus), viable
alternative methods could be mark-recapture analysis of photo-
id data or a line transect sampling using a ship, small boat
or aerial survey.
For mark-recapture estimation, the distribution and/or size
of the population and the behavior of the animals can make it
challenging to achieve capture probabilities that are sufficiently
high for abundance to be estimated with the desired level
of accuracy and/or precision. In such cases, a line transect
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TABLE 3 | Summary of practical requirements and resource needs for obtaining data to estimate abundance of marine mammal populations.
Taxon Data collection
method

















Counts from land are logistically straightforward once
at the colony but an elevated observation location
may be needed for effective counting. Methods may
be needed to correct for animals not able to be
counted.
Counts from aerial survey (needed for widely
distributed ice-associated seals) are logistically more
challenging (safety, airports, fuel, photography). If
pups cannot be counted from the whole area or all
colonies, they may be extrapolated to a total count.
One count may suffice but a set of counts through
the pupping season may be required to estimate total
pup production and quantify uncertainty.
Information on birth and survival rates is needed for a
life table to calculate a “pup multiplier,” or to be used
in a population model to extrapolate the pup count to
the total population, ideally from the target population.
Time and personnel needed to conduct ground
counts depends on the number and size of the
colonies. Equipment needed is minimal.
For aerial surveys, time needed depends on the
extent of the area covered and the length of the
pupping season. The cost of aircraft use is high and
depends on flying time and/or study duration of
sampling in remote areas.
Obtaining new data on birth and survival rates may




















The best time to conduct counts (season, time of day,
stage of tide, etc.) needs to be considered.
Counts from land – see pup counts, above.
Counts from aerial survey – see pup counts, above.
One count may suffice but multiple counts are
preferable to quantify variability.
Data on haul-out behavior are needed to estimate the
proportion of animals hauled out on land or ice at the
time of the counts. These may be observations of
marked animals at haul-out sites or telemetry data
from animals fitted with transmitters (see marking,
below).
Ground counts – see pup counts, above.
Aerial surveys – see pup counts, above.
Obtaining new data on haul-out behavior may require
a considerable investment in time, personnel and
cost. If telemetry tags are deployed, the equipment













Animals in the species/population must possess
natural markings suitable for recognizing individuals
from photographs that last for the period of the study.
The population of individuals available to be
photographed should match the population for which
abundance is needed.
Multiple samples need to be collected in a design
appropriate for analysis.
Taking photographs is straightforward but the
appropriate part of the animal must be able to be
captured.
If all animals are not uniquely recognizable, the
proportion of unmarked animals must be able to be
estimated.
Photographing a sufficient number of animals, in a
sufficient number of colonies or haul-out sites, over
multiple sampling occasions requires a considerable
investment in time.
A good quality camera and lens is needed.
Processing and matching photographs requires
experienced personnel and substantial time,
depending on the number of images taken.
Computer-assisted matching can reduce processing
time and costs. Developing a system, if one is not












A suitable way to mark individual animals must be
available (e.g., flipper tags, hair dye, telemetry).
Animals must be accessible for marking/tagging.
The population of individuals available to be marked
should match the population for which abundance is
needed.
Multiple samples need to be collected in a design
appropriate for analysis.
Possible loss of marks over time needs to be
considered.
Marking/tagging a sufficient number of animals, in a
sufficient number of colonies or haul-out sites, over
multiple sampling occasions may require a
considerable investment in time. Equipment needed
is minimal unless telemetry tags are used.
(Continued)
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TABLE 3 | (Continued)
Taxon Data collection
method














Animals must migrate close enough to land or ice to
be counted and there must be a suitable place for a
fixed observation platform to count from.
The counting period should aim to cover the whole
migration, which could be several weeks.
Counts need to be corrected for animals missed
either because they passed too far offshore to be
counted or for periods when counting cannot take
place, such as during poor weather or at night.
Counts should be corrected for animals missed by
chance (perception bias). Bias in observed group size
may need to be corrected.
Maintaining an observation platform for the duration
of the migration period requires a considerable
investment in time and personnel. Costs depend on
the length of the counting period.
Equipment needed includes binoculars and
theodolites.
Correction of animals missed by chance may require
two observation platforms, with associated increased













For photo-id, animals in the species/population must
possess natural markings suitable for recognizing
individuals from photographs that last for the period
of the study. For genetic tagging, animals must be
accessible for biopsy sampling.
The population of individuals available to be
photographed/biopsied should match the population
for which abundance is needed.
Multiple samples need to be collected in a design
appropriate for analysis.
Taking photographs of the appropriate part of the
animal may not be straightforward. For most species
this must be done at sea, ideally from a small boat.
For some species, photographs may come from
aerial survey.
If not all animals are uniquely identifiable, the
proportion of unmarked animals must be able to be
estimated.
Photographing a sufficient number of animals, in an
area of appropriate size, over multiple sampling
occasions may require a considerable investment in
time.
If the population to be sampled is distributed offshore,
a suitable ship capable of staying at sea for extended
periods may be necessary. Such ships are expensive
to use.
If the population is coastal, a small boat for day trips
is required, which is much less expensive.
A good quality camera and lens is needed.
Processing and matching photographs requires
experienced personnel and substantial time,
depending on the number of images taken.
Computer-assisted matching can reduce processing
time and costs. Developing a system, if one is not










The defined survey area needs to match the area for
which abundance is needed.
If the defined survey area extends far from land, a
ship of sufficient size must be available.
Survey design needs to accommodate any directed
migratory or seasonal movements of animals.
Correction for perception bias and any responsive
movement requires a ship that can accommodate
two observation teams.
If the defined survey area is coastal, a small boat may
be a suitable survey platform, but collection of data to
correct for perception bias and any responsive
movement is likely unfeasible.
If availability bias is to be corrected for using data
collected on survey, the two-team tracker
configuration may be needed.
If data to correct for availability bias are not collected
on survey, surfacing/diving behavior data will be
needed to correct for this. Ideally, these data should
be for the population being surveyed.
Ships capable of surveying offshore areas and staying
at sea for extended periods of time are very
expensive to use. Cost is based on days at sea,
regardless of ability to survey.
A team of observers, or two teams, the number of
people depending on the data collection protocol, is
required for the duration of the survey, which could be
several weeks on offshore surveys.
Observers require adequate training in data collection
procedures, including species identification, group
size estimation, and perpendicular distance data
collection.
Equipment needed depends on the data collection
protocol but at minimum comprises binoculars and
equipment for measuring distance and angle.
Small boats for surveys in coastal waters are relatively
inexpensive. Observation teams are typically smaller,
but equipment needs are likely to be similar to ships
used in offshore surveys.
If existing surfacing/diving data to correct for
availability bias are not available, the collection of new
data may require a considerable investment in time
and cost.
(Continued)
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TABLE 3 | (Continued)
Taxon Data collection
method









The defined survey area needs to match the area for
which abundance is needed.
The defined survey area must be able to be surveyed
by aircraft safely.
Survey design needs to accommodate any directed
migratory or seasonal movements of animals.
Unless the circle-back method can be implemented:
- for perception bias to be estimated, the aircraft
must be able to accommodate two independent
observation teams; and
- surfacing/diving behavior data will be needed to
correct for availability bias.
The cost of aircraft use is high and depends on flying
time and/or duration of the sampling period in remote
areas. Total cost will therefore be driven primarily by
total transect length, which will depend on the size
and coverage of the area surveyed, and/or the
location of survey.
Suitable aircraft (ideally high-winged and with bubble
windows) need to be available.
Aircraft that can accommodate two independent
observation teams are typically more expensive to
use than those which cannot.
Observers require adequate training in data collection
procedures, including species identification, group
size estimation, and perpendicular distance data
collection.
The observation team for aerial survey is typically
smaller than for ship/boat surveys.
Equipment for measuring perpendicular distance is
needed.
If existing surfacing/diving data to correct for
availability bias are not available, the collection of new









The defined survey area needs to match the area for
which abundance is needed.
The defined survey area must be able to be surveyed
by aircraft safely.
Counts need to be corrected for animals missed
because they are unavailable (e.g., submerged in
turbid water) or for other reasons.
See Line transect: aerial above.
survey would be more effective. Multiple case-specific factors
mean that it is not possible to generalize on how high capture
probabilities should be, but the studies in Table 2 provide
examples for guidance.
As mentioned above in relation to definition of the population
being estimated, surveys using line transect methods sample
density within a defined area and thus estimate abundance
within that area at the time of the survey. Mark-recapture
methods sample individuals and therefore estimate the size of
the population using the study area during a study period.
Estimates of these two quantities may not be the same even
for the same study/survey area. If the mark-recapture study
period is longer than the line transect survey and if animals
move in and out of the study area during that period, the
population sampled will comprise more animals than are
present in the area at one time. This may be important in
terms of the objectives for the abundance estimate. If the
objective of the study is to estimate abundance in an area
at a particular time, a line transect survey may be most
appropriate, but if it is to estimate the number of animals
using the area over a longer period, mark-recapture could be
more appropriate. Abundance has been estimated and compared
using these two methods for humpback and blue whales off
the west coast of the United States and Mexico (Calambokidis
and Barlow, 2004), and for killer whales in British Columbia
(Williams and Thomas, 2009).
Two studies that consider some of these issues for small
cetaceans are Minton et al. (2013) and Kuit et al. (2021). The
first study used small boat line transect surveys to estimate
the abundance of Irrawaddy dolphin (Orcaella brevirostris)
and Indo-Pacific finless porpoise (Neophocaena phocaenoides)
in coastal waters of Sarawak, Borneo, and also used mark-
recapture analysis of photo-id data to estimate the number
of Irrawaddy dolphins using the study area. The estimates
of Irrawaddy dolphin from the two methods were broadly
comparable but those from mark-recapture were around 50%
larger, a result interpreted by Minton et al. (2013) as reflecting
the mark-recapture analysis representing a larger population
beyond the study area.
The second study used small boat line transect surveys
to estimate the abundance of Irrawaddy dolphin and Indo-
Pacific finless porpoise in coastal waters of Matang, Malaysia,
and mark-recapture analysis of photo-id data to estimate the
number of Indo-Pacific humpback dolphins (Sousa chinensis)
using the study area. Kuit et al. (2021) did not use mark-
recapture for Irrawaddy dolphins because the animals’ behavior
led to poor-quality photographs and adversely affected individual
identification. Minton et al. (2013) also noted that obtaining
photo-id pictures of Irrawaddy dolphins was challenging.
There may be practical implications in terms of time to
conduct the sampling and/or process the data. A line transect
survey can be conducted relatively quickly and only one survey
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FIGURE 2 | Simplified schematic of the flow of information and activity when estimating the abundance of marine mammal populations.
is needed to estimate abundance. Mark-recapture studies require
at least two and ideally several capture occasions over a period
of time that allows the population to mix between occasions. It is
likely to take longer to process photo-id data than line transect
survey data prior to analysis. Implementing multiple sampling
occasions and processing photo-id data have cost implications
that may exceed those of conducting a line transect survey
(see Table 3).
There may also be practical implications in terms of
observation platform. Photo-id can be done from ships but is
best done from small boats. In riverine or enclosed marine
habitats where navigation is impractical for larger vessels and
where survey conditions are good, small boats may be the best
platform for line transect surveys. However, small boats may have
limitations, depending on the survey area and the method used.
The observer is typically not very high above water level thus
limiting the area that can be searched. It is unlikely that animals
missed on the transect line as a result of perception bias will be
able to be corrected for. Any movement of animals in response
to the approaching boat prior to detection will also be impossible
to account for; this may be important for some coastal species.
Aerial surveys, on the other hand, are immune to responsive
movement, and it is feasible to collect two-team data to estimate
perception bias with an aircraft of sufficient size. However, aerial
surveys are likely to be much more expensive and the logistics
(surrounding terrain, location of suitable airports, etc.) and safety
issues are more challenging (see below). Practical advice for
designing and conducting line transect surveys for cetaceans in
coastal and riverine habitats can be found in Dawson et al. (2008).
Aerial Survey or Ship Survey?
Some cetacean species are not typically confined to coastal waters
but nevertheless may not occur a long way offshore. For example,
harbor porpoises are largely found on the continental shelf in
European Atlantic waters (Hammond et al., 2013). Even if the
distribution of the species of interest extends beyond this, the
objective may nevertheless be to estimate abundance within a
limited range, for example a country’s 200 nm exclusive economic
zone. The choice of whether to survey using a ship or an aircraft
may therefore arise.
A crucial overarching consideration is safety. Accidents
can happen at sea and in the air but the consequences are
inherently far more serious in aerial surveys; fatal accidents
have occurred during aerial surveys of cetaceans and seals. The
risks can be reduced by careful consideration of the type of
aircraft, the environmental conditions, and the logistics. Twin-
engine aircraft should always be used when at all possible,
especially in waters away from the coast. Experienced pilots
are essential. Important logistical issues include the location of
suitable airports and the availability of fuel. Aerial surveys should
only be undertaken by personnel who recognize the risks and
where those risks have been mitigated to the extent possible.
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Regarding choice of equipment to maximize the effectiveness
of data collection, high-wing aircraft with bubble windows
optimize visibility on and around the transect line. A clinometer
is needed for measuring perpendicular distance; the recently
developed “geometer” (Hansen et al., 2020) facilitates this and
minimizes error.
Camera systems have been used on aerial surveys for some
time to count pinnipeds on land or ice (e.g., Speckman et al.,
2011; Russell et al., 2019; Thompson et al., 2019; Stenson et al.,
2020) and also some cetaceans (e.g., beluga and narwhal –
Gosselin et al., 2017; Doniol-Valcroze et al., 2020). They have
also been used on aerial surveys for seabirds (e.g., Buckland
et al., 2012) and are increasingly being used or considered for
cetaceans (e.g., Williamson et al., 2016; Lennert-Cody et al.,
2018). There remain challenges regarding data processing, which
is time consuming without automatic image analysis, and in
data analysis for unbiased abundance estimation, but there are
recent developments. In particular, work on analytical methods
to use data from two camera systems on one aircraft is promising
(Stevenson et al., 2018; Borchers et al., 2020).
Advances in technology have also led to the development
of various unoccupied aircraft systems (UAS) [also known as
unmanned aerial vehicles – UAV] to collect photographic data
on marine mammals with the aim of assessing their effectiveness
for estimating abundance. Results show promise for pinnipeds
(Goebel et al., 2015; Moreland et al., 2015), sirenians (Jones
et al., 2006; Hodgson et al., 2013) and cetaceans (Aniceto et al.,
2018); see also reviews in Marine Mammal Commission (2016)
and Johnston (2019). UAS may also be useful to confirm species
identity and estimate group size of cetaceans on ship surveys.
Unoccupied aircraft systems eliminate the human risk of
flying but there are currently considerable challenges to use them
to conduct surveys to estimate abundance. In a comparison of
surveys of Arctic cetaceans conducted using UAS and piloted
aircraft, Ferguson et al. (2018) found that estimates of density
from UAS were smaller, less precise and an order of magnitude
more expensive to obtain than estimates from conventional
visual survey methods. UAS powered by jet fuel can survey for
several hours (e.g., Angliss et al., 2018; Ferguson et al., 2018)
but the endurance of more widely available battery powered
UAS is usually too short (e.g., 20 min; Aniceto et al., 2018)
for most surveys.
Ships typically survey at speeds that are an order of magnitude
slower than aircraft, and thus cover transects much more slowly
than aircraft per unit time. Even though the effective strip width
on aerial surveys is typically narrower than on ship surveys,
the effective search area is still much smaller per unit time
on ship surveys than on aerial surveys. For example, on the
SCANS-II survey of European Atlantic waters, the effective
search areas per unit time for harbor porpoises, white-beaked
dolphins (Lagenorhynchus albirostris) and bottlenose dolphins
were 5–9 times larger for an aerial survey than a ship survey
(Hammond et al., 2013). Aerial surveys are thus able to “cover
a lot more ground.”
However, because of the difference in survey speed, the
probability of detecting animals is much smaller on aerial surveys
than on ship surveys, although aircraft survey speed does mean
that responsive movement does not need to be considered. On
aerial surveys, animals are available to be seen for a shorter period
of time and it is easier to miss them by chance. In other words,
both availability bias and perception bias are larger on aerial
surveys than on ship surveys. This also means that sample sizes
of sightings may be smaller on aerial surveys, which may make it
more challenging to estimate detection probability.
There are also differences between ship and aerial surveys
regarding ease of species identification and determining group
size. On an aerial survey, groups of animals are seen for only a
very short period of time (a few seconds) but on a ship there is
much more time available to identify the species composition and
size of groups, especially if conducted in closing mode.
One advantage of ship surveys is that they allow different data
types to be collected. These may include photo-id data (which
can also be collected on aerial surveys for some species, e.g.,
right and bowhead whales), biopsy sampling for genetic studies,
environmental data for studies of habitat use and potentially for
model-based abundance estimation, and acoustic data for deep-
diving cetacean species such as sperm or beaked whales. However,
photo-id and biopsy sampling take time away from surveying and
it is important to consider whether the objectives of the study
would be compromised by collection of such additional data.
Ships can also accommodate more people, which may be useful
in the context of training and outreach activities.
In terms of cost, chartering and using ships and aircraft is
expensive and the cost varies depending on the equipment. The
cost of larger ships is typically charged for a block of time on
a per-day basis. Time at sea not surveying due to poor weather
is part of this cost, which means that the expected proportion
of time thus lost should be factored into survey planning. For
aerial surveys, equipment charter costs are typically primarily
dependent on flying hours, so time not surveying may not incur
much financial penalty. However, in remote areas, aircraft need
to be chartered for blocks of time in the same way as a ship and
unfavorable weather also needs to be considered in planning.
Data Analysis
Table 3 does not consider analysis of the data to estimate
abundance. To estimate abundance from pup or all-age counts of
pinnipeds, or land-based counts of migrating whales, analysis can
follow methods described in studies referred to in the associated
sections of this paper.
For line transect (distance) sampling, the software DISTANCE
(12Thomas et al., 2010) is a commonly used analysis engine
for Windows platforms. Several packages within the R
analysis software (R Core Team, 2020) are also available
for line transect analysis (Miller et al., 2019; Laake et al.,
2020). Mark-recapture models to estimate population size
are available in the widely used software MARK (see text
footnote 8; Cooch and White, 2019) for Windows platforms.
Efficient implementation of analyses in MARK can also
be achieved through the R package RMark (Laake, 2013).
DISTANCE and MARK can be used to implement standard
methods and also more complex analyses that relax some
of the assumptions of the more basic methods, as described
above. The R package multimark (McClintock, 2015) fits
mark-recapture models to data from more than one mark
12http://distancesampling.org/
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type, e.g., left- and right- side photo-id images, or photo-id
and genetic marks.
However, a quick scan of the studies referred to above
indicates that some use statistically complex methods that cannot
be implemented in standard software and will be beyond the
expertise of most biologists. If such methods are pursued,
experienced analysts will be required.
CONCLUDING REMARKS
Motivated by the need to estimate the abundance of marine
mammal populations to inform assessments for conservation
and management, this paper provides background to abundance
estimation and reviews the various methods available for
pinnipeds, cetaceans and sirenians.
For pinnipeds, the primary methods are extrapolating counts
of pups to the all-age population using life history information,
or extrapolating counts of non-pups hauled out on land or
ice to the whole population by accounting for the proportion
of animals in the water, ideally using telemetry data. For
species that aggregate on land, counts can typically be made on
site, but aerial surveys are needed to count widely distributed
ice-associated seals.
The abundance of cetaceans and sirenians is primarily
estimated from transect surveys. Ships are needed to survey wide
areas offshore, but aerial surveys are commonly used in waters
adjacent to coasts, and small boats may be desirable or required
in coastal waters and rivers. The assumption of line transect
sampling that all animals are detected on the transect line is rarely
if ever met for marine mammals but, on ship or aerial surveys,
double-observer data can be collected and used to correct, or
partially correct, for animals missed on the transect line. Data
on diving behavior can also be used to correct for animals that
are unavailable because they are underwater. For some deep-
diving cetaceans, and potentially other species, passive acoustic
data collected from towed, static or drifting hydrophones can
be used to estimate abundance. The abundance of baleen whale
species that migrate close to land or ice can be estimated from
land-based counts.
For species of cetaceans or pinnipeds in which individuals are
naturally marked or can be physically tagged, mark-recapture
analysis of photo-identification or tag data can be used to estimate
the number of animals using the study area. These studies require
multiple sampling occasions and typically take longer than line
transect surveys. Clearly, they are not appropriate for species that
do not possess useable natural markings or cannot be tagged.
Whilst these are the most commonly used methods, there
is no simple formula to follow to decide on the most suitable
way to estimate marine mammal abundance. When choosing
an appropriate method and how to implement it, key issues
include: defining the population to be estimated, consideration
of candidate methods based on strengths and weaknesses in
relation to a range of logistical and practical issues, being aware
of the resources required to collect and analyze the data, and
understanding the assumptions made, the violation of which
may lead to bias.
Estimating the abundance of marine mammal populations can
be logistically, financially, and technically challenging but the
information is essential to inform assessments of conservation
status. The challenge is ongoing because population size changes
and assessments need to be updated periodically. Regarding
bycatch assessment, although methods are available to assess
bycatch without estimates of abundance, they depend on the
availability of fairly accurate bycatch mortality estimates and
are sensitive to uncertainties (Punt et al., 2021). Information
on abundance is thus a key requirement of bycatch assessments
(Wade et al., In review, Frontiers in Marine Science) (see text
footnote 3), which also need to be updated regularly.
In some developed countries, there is legislation requiring
regular assessment of conservation status, including assessment
of the impact of human activities, such as fisheries bycatch. For
example, the United States MMPA requires stock assessment
reports to be reviewed at least every 3 years, and annually for
stocks for which human-caused mortality exceeds PBR (Wade,
1998) or which are estimated to be declining. In Europe, the
reporting cycle for assessments under the EU Habitats Directive
and Marine Strategy Framework Directive is 6 years. The
legislative imperative and the consequent availability of funding,
means that information on marine mammal abundance in these
countries tends to be quite good, with reasonable coverage
spatially and temporally.
This is not the case in most developing countries, where
estimates of marine mammal abundance are typically generated
at a small scale by individuals who are often linked to Non-
Governmental Organisations, as evidenced by some of the
example studies referred to in this paper. A challenge for the
future is thus to facilitate an expansion of resources in these
countries to enable estimates of abundance of more marine
mammal populations to become available to inform conservation
assessments. This paper aims to help expand one resource – the
expertise base of researchers with the skills to conduct studies to
estimate marine mammal abundance.
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